Introduction
Hepatocyte growth factor/scatter factor (HGF) is a mesenchyme-derived multifunctional molecule that elicits mitogenic and morphogenic activities in developmental as well as in many pathophysiological processes (Weidner et al, 1993a; Jeffers et al, 1996) . Its receptor has been identified as the c-Met tyrosine kinase, a product of the proto-oncogene c-met (Bottaro et al, 1991; Naldini et al, 1991) . Upon HGF binding, c-Met undergoes autophosphorylation on several tyrosine residues and constitutes a unique multisubstrate docking site for SH2-containing adaptor proteins, including Grb2 (growth-factor-receptor-bound protein 2) and Gab1 (Grb2-associated binder 1) (Ponzetto et al, 1994; Furge et al, 2000) . Recruitment of these molecules results in the activation of protein tyrosine phosphatase 2 (SHP2), Src tyrosine kinase, and several downstream signaling cascades, such as 'mitogen-activated protein kinase' (MAPK), 'phosphatidylinositol 3 0 -kinase' (PI3K), and 'Janus kinase-signal transducer and activator of transcription' (Jak/STAT) pathways (Birchmeier et al, 2003; Jiang et al, 2005) . All these pathways have been shown to be essential for HGF-induced cellular changes, including proliferation, migration, invasion, and anchorage-independent growth during branching morphogenesis (Boccaccio et al, 1998; Birchmeier et al, 2003) .
A large body of experimental evidence has demonstrated that HGF and c-Met play a critical role in the invasive growth of tumor cells, a hallmark of metastatic cancers (Comoglio and Trusolino, 2002) . Malignant tumor progression involves multiple steps, including the loss of cell-cell adhesion, cell migration, invasion through the basement membrane into connective tissue, survival in the bloodstream, and colonization of distant tissues (Thiery, 2002) . HGF-induced signaling could contribute to these steps through its pleiotropic effects on cell scattering, production of (metallo-)proteinases, induction of anti-apoptotic signals, and induction of cellular proliferation and angiogenesis (Weidner et al, 1993b; Vande Woude et al, 1999) . Accordingly, high levels of HGF or overexpression of c-Met or both are frequently found in many cancer types and often correlate with poor prognosis (for a comprehensive list, see www.vai.org/vari/metandcancer; Birchmeier et al, 2003) .
Loss of cell-cell adhesion followed by the dissociation of epithelial structures is a prerequisite for increased cell motility and tumor invasion. Accordingly, E-cadherinmediated cell-cell adhesion is frequently lost during malignant tumor progression by gene mutation, transcriptional repression, or protein degradation (Gumbiner, 2000; Thiery, 2002; Cavallaro and Christofori, 2004) . Recently, it has been shown that downregulation of E-cadherin expression is mediated by the zinc-finger transcription factor Snail (reviewed in Nieto, 2002; Huber et al, 2005) . By binding to specific DNA sequences in the E-cadherin promoter, named E-boxes, Snail represses E-cadherin transcription, leading to the disruption of adherens junctions (Batlle et al, 2000; Cano et al, 2000) . Snail-deficient mouse embryos die during gastrulation unable to undergo epithelial-mesenchymal transition (EMT; Carver et al, 2001) . Notably, Snail appears to contribute to the development of malignant carcinomas, where loss of E-cadherin expression is frequently observed (Cano et al, 2000; Sugimachi et al, 2003) .
Snail protein function and gene expression are regulated by various mechanisms. For example, Snail expression in epithelial cells can be induced by TGFb, oncogenic Ras, or activated integrin-linked kinase signaling (Tan et al, 2001; Gotzmann et al, 2002; Peinado et al, 2003) . Moreover, Snail's subcellular localization and its protein levels as well as its repressor functions are regulated by the activity of p21-activated kinase 1 and glycogen synthase kinase-3b (GSK-3b) (Zhou et al, 2004; Bachelder et al, 2005) . Active GSK-3b counteracts Snail's transcriptional repressor activity by promoting nuclear export and proteasomal degradation of Snail. GSK-3b-mediated phosphorylation of Snail's consensus site II promotes nuclear export, and subsequent phosphorylation of site I by cytoplasmic GSK-3b. This reveals a destruction box recognized by b-TrCP and leads to Snail ubiquitylation and proteasomal degradation (Zhou et al, 2004) . Interestingly, two members of the lysyloxidase gene family (LOXL-2 and -3) stabilize Snail protein by attenuating the GSK-3b-dependent phosphorylation, thus leading to a cooperative downregulation of E-cadherin (Peinado et al, 2005) .
Since HGF is well known for its ability to induce cell motility in various epithelial cell types, where loss of tight and adherens junctions is a requirement, we investigated the possible link between HGF-induced cell scattering, Snail function, and junctional protein expression. Here, we demonstrate that Snail plays a critical role in HGF-mediated downregulation of E-cadherin and claudin-3 expression, thereby promoting cell scattering, migration, and invasion. HGF activates the MAPK signaling pathway to employ the early growth response-1 (Egr-1) transcription factor for the induction of Snail gene expression. In turn, Snail represses its target genes, among them E-cadherin and claudin-3 but also Egr-1, thus mediating a negative feedback loop. These results provide new insight into the factors and molecular pathways underlying HGF-induced cell scattering and tumor progression.
Results
The Snail gene is a direct target of HGF-c-Met signaling HGF induces cell scattering in a number of epithelial cells and epithelial cancer cell lines, including HepG2 cells (von Schweinitz et al, 2000) . However, the mechanisms by which HGF induces scattering, and whether Snail plays a critical role in this process, have remained elusive.
Snail is an extremely labile protein with a half-life of only 25 min, and thus difficult to detect by conventional immunoblotting methods. We employed the GSK-3b inhibitor lithium chloride (LiCl) and the proteasome inhibitor MG132 to prevent the rapid degradation of Snail protein by the proteasomal pathway (Zhou et al, 2004) . In the absence of these inhibitors, Snail protein was barely detectable in HepG2 cells ( Figure 1A ), whereas treatment with MG132 or LiCl or both combined led to a slight stabilization of the protein. Notably, when HGF was added to inhibitor-treated cells, Snail protein levels were markedly elevated. In contrast, treatment of cells with HGF in the absence of inhibitors did not result in increased Snail protein levels. These experiments indicate that HGF is able to induce the expression of Snail in HepG2 Figure 1B ). Interestingly, when HepG2 cells were preincubated with proteasome and GSK-3b inhibitors, Snail mRNA levels increased up to 40-fold (71.4) and co-incubation with inhibitors and HGF elevated Snail mRNA levels up to 50-fold (71.8). These results suggest that a proteolytically sensitive protein, possibly Snail itself, cooperated with HGF to induce Snail gene transcription and/or to stabilize its mRNA.
Similar experiments in MDCK cells, which are known to readily respond to HGF treatment by cell scattering (Weidner et al, 1993b) , revealed comparable results: HGF by itself moderately increased Snail mRNA expression (2.2-fold 70.8; Figure 1C ). HGF also significantly increased Snail mRNA levels in the presence of LiCl and MG132. Thus, HGF treatment of epithelial cells induced Snail expression not only at the protein but also at the mRNA level. qRT-PCR analysis revealed that HGF treatment did not affect Twist and Slug expression (data not shown), suggesting that Snail was the most prominent E-cadherin transcriptional repressor activated by HGF in HepG2 and MDCK cells.
We next asked whether the Snail gene is a direct downstream target of the c-Met pathway. HEK293 cells were transiently transfected with a reporter construct in which the mouse Snail promoter sequence was cloned upstream of the firefly luciferase gene (Peinado et al, 2003) . Upon HGF treatment, Snail promoter activity was found elevated by 1.8-fold (70.09) ( Figure 1D ). These results indicate that HGF signaling directly induces the Snail promoter. The rather moderate induction is in agreement with previous reports using the same promoter-reporter construct (Peinado et al, 2003) , and is consistent with the levels of Snail mRNA upregulation detected in HepG2 and MDCK cells.
Next, we investigated whether HGF-induced upregulation of Snail had an effect on E-cadherin expression. HepG2 cells were treated with HGF alone or in combination with MG132 and LiCl and analyzed for E-cadherin mRNA levels by qRT-PCR. When cells were stimulated with HGF alone, a 20% decrease of E-cadherin mRNA was apparent ( Figure 1E ). Cells treated with the proteasome inhibitor MG132 and the GSK-3b inhibitor LiCl showed a 25% decrease in E-cadherin mRNA levels. Combined treatment of HepG2 cells with HGF and inhibitors resulted in a reduction in E-cadherin mRNA levels by 70% as compared to untreated cells.
HGF-induced Snail stabilization is independent of GSK-3b activity
Previously, it has been reported that GSK-3b activity could be inhibited by HGF signaling (Papkoff and Aikawa, 1998) , whereas GSK-3b-mediated phosphorylation of Snail leads to its nuclear export and degradation by the proteasome (Zhou et al, 2004; Bachelder et al, 2005) . We therefore assessed whether GSK-3b is involved in HGF-induced Snail upregulation. Immunoblot analysis revealed an increase in phosphorylation of GSK-3b in HepG2 cells and MDCK cells after treatment with LiCl compared to untreated cells (Figure 2A and B) . However, HGF treatment did not lead to further GSK-3b phosphorylation, suggesting that GSK-3b activity was not involved in HGF-mediated Snail expression.
To evaluate whether HGF-mediated signaling could stabilize Snail protein independent of GSK-3b activity, HEK293 cells were transiently transfected with Flag-tagged Snail-8SA, a mutated version of Snail that cannot be phosphorylated by GSK-3b (Zhou et al, 2004) . Immunoblot analysis with an anti-FLAG antibody revealed that HGF treated cells exhibited higher levels of FLAG-tagged Snail-8SA, indicating that Snail protein was stabilized upon HGF treatment independently of GSK-3b-mediated phosphorylation of Snail ( Figure 2C ).
Snail is required for HGF-induced cell scattering
To assess whether Snail upregulation was required for HGFinduced cell scattering, we generated stably transfected HepG2 cell lines expressing small hairpin RNA (shSnail) to ablate Snail expression. Various independent shSnail-expressing clones (clones S-1, S-2, S-3) and control shRNA clones (C-1, C-2) were analyzed for Snail mRNA and protein expression. Clones S-1 and S-3 showed up to 80% downregulation of Snail mRNA levels, whereas control clones did not exhibit any significant reduction in Snail mRNA ( Figure 3A ). Immunoblotting analysis also revealed a decrease in Snail protein levels in shSnail-expressing clones S-1 and S-3 compared to control shRNA-expressing clones ( Figure 3B ). Values given are means and standard deviations of triplicate measurements. *P ¼ 0.0358, **P ¼ 0.0007, ***Po0.0001, unpaired t-test. (D) A Snail-promoter luciferase-reporter construct was transiently transfected into HEK293 cells. To normalize transfection efficiency, cells were cotransfected with a Renilla luciferase reporter construct. Cells were incubated with HGF for 24 h, before luciferase activities were determined. RLU represent firefly luciferase (LAR) normalized against Renilla luciferase activity (RAR). Values given represent means and standard deviations of triplicate measurements. *P ¼ 0.0031; unpaired t-test. (E) HepG2 cells were treated with HGF in the presence or absence of MG132 and LiCl. E-cadherin mRNA levels were quantified by qRT-PCR. Values shown are the averages and standard deviations of triplicate measurements. *P ¼ 0.0204, **P ¼ 0.0003, ***P ¼ 0.0059; unpaired t-test.
The degree of scattering of shSnail-expressing clones S-1 and S-3 and control vector-transfected cells was observed over a time period of 72 h after the start of HGF treatment. Control shRNA clones showed normal scattering behavior as observed with untransfected HepG2 cells (Figure 3C and D) . In contrast, shSnail-expressing clones S-1 and S-3 exhibited a discernible reduction in HGF-induced cell scattering, indicating that Snail function is required for this process ( Figure 3E -H). HGF-induced Snail protein levels and the extent of cell scattering also correlated in the hepatoblastoma cell lines HepT1 and HuH6 (Supplementary Figure 1) . Noteworthy, forced expression of Snail by itself was not sufficient to induce a scattering phenotype in the absence of HGF, as, for example, tested in HEK293 expressing Snail-8SA and in HepG2 cells transiently transfected with Snail-8SA (data not shown). In conclusion, while Snail appears to be required for HGF-induced cell scattering, it is not sufficient to replace HGF's scattering activity.
HGF-induced Snail expression depends on the MAPK pathway
Binding of HGF to c-Met results in the activation of several downstream signaling pathways. To identify the pathways involved in Snail upregulation, various c-Met effector pathways were repressed by the use of specific inhibitors. The MAPK pathway inhibitor PD98059 completely blocked HGFinduced Snail expression, while the PI3K inhibitor wortmannin (Wn) had no effect on Snail mRNA expression in HepG2 cells ( Figure 4A ). These results indicate that the MAPK pathway plays a critical role in HGF-induced Snail expression, whereas PI3K is not involved. This notion was further confirmed by cell scattering assays. HepG2 cells that were incubated with both HGF and Wn were still able to scatter, whereas PD98059 completely repressed HGF-mediated cell scattering without affecting cell morphology or other cellular parameters ( Figure 4B , data not shown). Together, these results demonstrate that HGF induces cell scattering and increased motility by utilizing the MAPK signal transduction pathway and not the PI3K pathway.
HGF activates Egr-1 to induce Snail expression
To further elucidate the molecular mechanisms by which HGF-stimulated MAPK signaling induced Snail expression, we investigated the potential involvement of candidate transcription factors. Several recent studies have shown that HGF upregulates PDGF and VEGF (Worden et al, 2005) , CD44v6 (Recio and Merlino, 2003) , angiotensin converting enzyme (ACE) (Day et al, 2004) , and fibronectin (Gaggioli et al, 2005) in a MAPK-dependent manner through early growth response factor-1 (Egr-1). Egr-1 is a nuclear, zinc-finger transcription factor capable of binding to specific GC-rich DNA sequences containing the consensus binding site GCG(G/T)GGGCG (Sukhatme et al, 1988) . We investigated the potential role of Egr-1 in the regulation of HGF-mediated Snail gene expression. A survey of the Snail promoter sequence using MatInspector software (Cartharius et al, 2005) identified four putative Egr-1 binding sites between À450 and À50 upstream of the Snail gene transcriptional start site ( Figure 5A ).
We next assessed whether Egr-1 was expressed in HepG2 cells and whether its expression was affected by HGF. Analysis by qRT-PCR revealed a 12-fold (74.7) transient increase in Egr-1 mRNA levels by HGF, with maximum levels after 1 h and a decline to basal levels within 3 h of HGF stimulation ( Figure 5B ). Immunoblotting analysis showed a slightly delayed kinetics of the upregulation of Egr-1 protein levels, which peaked after 2-3 h and declined afterwards ( Figure 5C ). Snail mRNA levels steadily increased beginning at 2 h, right after the first appearance of Egr-1 protein ( Figure 5B), and increased Snail protein levels could be detected after 5 h, yet only in the presence of proteasome inhibitors ( Figure 5C ). The early increase in Snail expression already correlated with the downregulation of Snail target genes, such as E-cadherin or claudin-3 during HGF treatment, with a first decline in mRNA levels after 3 h and further reduction during 8 h of HGF incubation time ( Figure 5D ). These results suggest an order of events in HGF-induced Snail expression: HGF-mediated MAPK activation induces the expression of Egr-1, which in turn may activate Snail gene expression and the subsequent repression of E-cadherin and claudin-3 gene expression.
The Snail gene is a target of Egr-1
To investigate a direct involvement of Egr-1 in Snail expression, HepG2 cells were transfected with a plasmid encoding a dominant-negative version of Egr-1 (dnEgr-1; Al-Sarraj et al, 2005), and HGF-induced Snail expression was monitored Figure 6A ). In these experiments, the presence of dnEgr-1 completely abolished HGF-induced Snail expression, indicating that Egr-1 is required for HGF-mediated Snail expression.
It has been previously reported that Egr-1 induces the expression of its co-repressor Nab2 (Houston et al, 2001) , thereby establishing a negative feedback loop and preventing a direct analysis of the overexpression of wild-type Egr-1 (Kumbrink et al, 2005) . To test whether Egr-1 is sufficient to induce Snail expression, we transfected HEK293 cells with a plasmid encoding the Egr-1 DNA binding domain fused to the CREB-2 activation domain (nabR-Egr-1), a construct that is insensitive to Nab2's repressive activity (Al-Sarraj et al, 2005) . Luciferase reporter assays revealed a dose-dependent activation of the Snail promoter by nabR-Egr-1, indicating that Egr-1 is sufficient for activating Snail gene expression ( Figure 6B ).
We next sought to determine whether Egr-1 could directly bind to the Snail promoter by chromatin immunoprecipitation (ChIP) experiments with anti-Egr-1 antibodies followed by a PCR with primers specific for the Snail promoter. Egr-1 specifically bound to the Snail promoter 1 h after HGF stimulation, while no binding occurred in the absence of HGF ( Figure 6C ). Quantitative PCR analysis of anti-Egr-1-precipitated chromatin with primers specific for an Egr-1 binding site within the Snail promoter confirmed this observation ( Figure 6D ). Altogether, these results indicate that the Snail promoter is a direct target of Egr-1 upon HGF stimulation.
Kinetics of Snail expression
To elucidate the long-term kinetics of HGF-mediated gain of Snail expression, and loss of adherens and tight junction functions, HepG2 cells were treated with HGF for 10 days. To avoid cell death by prolonged exposure, the proteasome inhibitor MG132 and the GSK-3b inhibitor LiCl were added 8 h prior to cell lysis for each time point. Analysis of Snail mRNA expression revealed that HGF-induced Snail expression reached its maximum 8 h after HGF stimulation and declined with longer treatment ( Figure 7A ). Immunoblot analysis showed that HGF-induced Snail protein expression followed a similar kinetic ( Figure 7B ). As expected, with increased Snail expression, E-cadherin ( Figure 7C ) and claudin-3 (data not shown) mRNA levels declined, yet remained low at time points where Snail expression had already returned to basal levels.
The observed kinetics in Snail and Egr-1 expression suggest a feedback loop mechanism, where Snail would repress its own activation. Interestingly, it has been reported that Snail is able to repress its own expression (Peiro et al, 2006) . Inspection of the Egr-1 promoter sequence also revealed the existence of five E-boxes, which could be potential binding þ -expressing cells were selected using MACS beads coated with anti-CD4 antibody, treated with HGF for 8 h, before Snail mRNA levels were measured by qRT-PCR. ***P ¼ 0.0018; unpaired t-test. (B) HEK293 cells were transiently transfected with a plasmid encoding a constitutive-active Egr-1 construct, in which the Egr-1 DNA-binding domain was fused to the CREB-2 activation domain (nabR-Egr-1), or a dominant-negative mutant (dnEgr-1). Snail-promoter luciferase-reporter and Renilla luciferase constructs were co-transfected with the Egr-1 plasmids. Cells were incubated with HGF for 24 h, before luciferase activities were determined. RLU represent firefly luciferase (LAR) normalized against Renilla luciferase activity (RAR). Values are means of induction7standard deviations of triplicate measurement in comparison to untreated control samples. *P ¼ 0.0145, **Po0.001; unpaired t-test. (C) ChIP analysis of Egr-1 binding to the Snail promoter. HEK293 cells were stimulated with HGF for 1 h before being subjected to ChIP. Anti-Egr-1 antibodies or IgG were used to immunoprecipitate DNA-containing complexes. Subsequent PCR was performed with primers complementary to the Snail promoter region containing the Egr-1 binding sites. DNA samples were analyzed by agarose gel electrophoresis. (D) Quantitative PCR analysis of the Snail promoter region immunoprecipitated with antibodies against Egr-1, as described in (C). Results indicate amplified Snail promoter levels normalized against PCR reactions detecting an unrelated promoter (NCAM). Bar graphs represent the means and standard deviations. *P ¼ 0.0432; unpaired t-test.
sites for Snail ( Figure 8A ). To test whether overexpression of Snail inhibited HGF-induced Egr-1 activation, we generated HEK293 cells expressing Snail under the control of the tetracycline-inducible system (HEK293-FlpInTRex-Snail-8SA; Supplementary Figure 2) . These cells were cultured with and without doxycycline before stimulation with HGF. Analysis of Egr-1 mRNA expression by qRT-PCR was then performed. Indeed, when Snail expression was induced, the amounts of Egr-1 mRNA declined in the presence and even in the absence of HGF ( Figure 8B ). Moreover, ChIP experiments in HepG2 cells with anti-Snail antibodies followed by PCR with primers complementary to the Egr-1 promoter region containing the E-boxes revealed specific Snail binding to the Egr-1 promoter ( Figure 8C ). These results suggest that Snail directly represses Egr-1 expression, thus exerting a negative feedback regulation on its own activator.
We next examined whether upregulated expression of Snail, Egr-1 and HGF, and c-Met also correlated in human cancer biopsies concomitantly with reduced expression of E-cadherin and claudins. Computer-assisted analysis of 30 data sets of specific human cancer types using the public database 'Oncomine' (www.oncomine.org) revealed a significant correlation between the expression of these genes in glioblastoma multiforme and in clear cell renal carcinoma (Supplementary Figure 3) . These results indicate that the HGF/MAPK/Egr-1/Snail axis may also be functional in inducing progression to tumor malignancy in patients.
Discussion
To infiltrate the surrounding tissues, single motile tumor cells leave the tumor mass by breaking cell-cell contacts, known as tight and adherens junctions (Friedl and Wolf, 2003) . Snail family proteins have emerged as major transcriptional repressors of E-cadherin expression, the prototype mediator of epithelial adherens junctions. Here, we have used three independent cellular systems to analyze the mechanisms HepG2 cells were incubated with HGF for 1 h before proteins were crosslinked to DNA, and chromatin-protein complexes were immunoprecipitated with an antibody against Snail. PCR was performed with primers specific for the Egr-1 promoter region containing E-box binding sites. DNA samples were analyzed by 2% agarose gel electrophoresis.
underlying HGF-mediated cell scattering and migration. We demonstrate that HGF requires Snail to repress E-cadherin expression and to induce cell scattering. Furthermore, we have unraveled major parts of the HGF-mediated signaling pathway leading to Snail expression and thus to cell scattering, migration, and invasion.
HGF induces a rapid and transient increase in both Snail mRNA and protein levels. Thereby, an inverse correlation between E-cadherin mRNA and Snail mRNA and protein levels is observed upon HGF treatment. A similar correlation has been previously reported in hepatocellular carcinomas (HCC) and in colon epithelial cells, where Snail expression and E-cadherin downregulation is associated with higher invasiveness (Sugimachi et al, 2003; Boon et al, 2005) . In contrast, recent experiments with MDCK cells have demonstrated that the early events of HGF-induced scattering do not involve a loss of E-cadherin protein and that a disruption of junctions by traction forces allows cell scattering and migration to occur (de Rooij et al, 2005 ). Yet, the Snail shRNA knockdown experiments presented here clearly indicate that Snail is required for HGF-mediated cell scattering. Hence, HGF-induced Snail expression leads to repression of E-cadherin function. Furthermore, Snail might regulate other genes required for the scattering process, in conjunction with E-cadherin downregulation. In fact, Snail-mediated repression of a number of components of adherens, tight, and desmosomal junctions has been recently reported (BarralloGimeno and Nieto, 2005) .
Employing a combination of specific inhibitors and biochemical analyses, we have found that HGF-induced Snail upregulation and cell scattering depend on the MAPK pathway but not on the PI3K or GSK-3b pathways, consistent with previous reports demonstrating that the MAPK pathway is required for HGF-induced scattering of various epithelial cell types (Tanimura et al, 1998; Maina et al, 2001; Janda et al, 2002; Abella et al, 2005) . Notably, the transcription factor Egr-1 appears to play a critical role in HGF/MAPK-mediated induction of Snail expression and cell scattering. In fact, expression of a dominant-negative version of Egr-1 abolished HGF-induced Snail expression. Unfortunately, forced expression of wild-type Egr-1 induces the expression of its own repressor Nab2, thus excluding a direct test whether Egr-1 alone is sufficient to induce Snail expression (Houston et al, 2001; Kumbrink et al, 2005) . Circumventing this problem, expression of a mutant Egr-1, which is resistant to the Nab co-repressors (Al-Sarraj et al, 2005) , has resulted in a dose-dependent upregulation of Snail promoter activity. Interestingly, our data suggest that upon induction by Egr-1, Snail binds to the Egr-1 promoter and represses its transcription and, recently, Snail has been also shown to repress its own transcription (Peiro et al, 2006) , thereby establishing a robust negative feedback loop that prevents sustained activation of Egr-1 and Snail. Hence, the stimulus-induced synthesis of Egr-1 and Snail is transient and might give a first signal to initiate a cascade leading to cell scattering.
HGF has been shown to induce the expression of a number of pro-angiogenic factors by activating Egr-1 (Recio and Merlino, 2003; Day et al, 2004; Worden et al, 2005) . In fact, induction of Egr-1 gene transcription is detected in many cell types in response to cytokines and mitogens (Gashler and Sukhatme, 1995; Kaufmann et al, 2001; Kaufmann and Thiel, 2002) . Egr-1 activity has also been implicated in the development of several human cancer types, in particular, in human prostate cancer (Eid et al, 1998) . Moreover, tumor progression in transgenic mouse models of prostate cancer is impaired, when Egr-1 is lacking, and Egr-1 also appears to contribute to mouse skin carcinogenesis (Riggs et al, 2000; Abdulkadir et al, 2001) . 'Oncomine' analysis of gene expression data sets from patients' specimen has revealed a significant correlation between Snail, Egr-1, E-cadherin, claudins, and c-Met, and/or HGF in glioblastoma multiforme and in clear cell renal carcinoma. Consistent with this observations, in vivo inhibition of the c-Met pathway has resulted in a decrease of glioblastoma growth by 60% (Brockmann et al, 2003) .
The results presented here show that HGF induces a transient expression of Snail, which is required for the induction of cell scattering. However, it is important to note that the forced expression of Snail by itself does not induce cell scattering in HepG2 or HEK293 cells (data not shown). This suggests that HGF-mediated scattering involves in addition to Egr-1/Snail a hitherto unknown pathway that remains to be elucidated. Contrary to our result, Snail has been previously shown to induce EMT in other epithelial cell lines (Zhou et al, 2004; Bachelder et al, 2005) . EMT is a process, where cell-cell junctions are altered, epithelial polarity is lost, and the expression of mesenchymal markers, such as vimentin and smooth muscle actin, is gained (Thiery, 2002) . However, analysis of HGF-treated HepG2 cells has not revealed any upregulation of mesenchymal markers (data not shown), suggesting that Snail-dependant scattering is a distinct mechanism from Snail-induced EMT. Based on our and others' findings, it is conceivable that Snail plays a critical role in the early stages of cell scattering and EMT, by making tumor cells receptive for further EMT stimuli and setting the stage for invasive tumor progression (Huber et al, 2005) .
Also highlighting their importance in tumor progression, HGF and c-Met have been recently proposed as potential targets for chemotherapeutic intervention (Christensen et al, 2005; Corso et al, 2005) . We describe here a novel mechanism by which HGF induces expression of the transcriptional repressor Snail and, with it, cell scattering, migration and invasion: stimulation of cells with HGF leads to (i) activation of the MAPK signaling pathway, (ii) upregulation of Egr-1, which in turn (iii) induces Snail transcription, and (iv) as a consequence results in the repression of Snail target genes, among them E-cadherin, claudins, and Egr-1 itself (Figure 9 ). Although further studies are warranted to characterize the molecular details of HGF-mediated signal transduction and Egr-1 function, the results reported here contribute to a better understanding of the molecular mechanisms underlying the progression to tumor malignancy.
Materials and methods

Cells lines
HepG2, HepT1, and HuH6 cells were cultured in RPMI1640 medium supplemented with 2 mM glutamine and 10% FCS. MDCK cells were grown in MEM medium containing 10% FCS and 2 mM glutamine.
To generate HEK293 cells stably expressing Snail, human Snail-8SA cDNA (a gift from M-C Hung, University of Texas, Houston) was subcloned into pcDNA5/FRT/TO and transfected into HEK293-FlpInTRex. Stable clones were selected with hygromycin B and blasticidin. Snail-8SA-transfected HEK293 cells were kept in FlpInTRex Medium (DMEM medium supplemented with 10% FCS, 2 mM glutamine, 15 mg/ml blasticidin, 100 mg/ml hygromycin B), and Snail expression was induced with 1 mg/ml doxycycline.
To generate pSUPER-Snail-shRNA and pSUPER-Control-shRNA constructs, oligonucleotides encoding human Snail-specific and murine NCAM-specific shRNA, respectively (Supplementary Table  I) , were ligated into pSUPER-retro-puro (OligoEngine). HepG2 cells were transfected with Fugene (Roche Diagnostics) and kept under selection with 150 mg/ml puromycin. HepG2 and HEK293 were transiently transfected with a plasmid encoding a murine dominantnegative (dn) Egr-1-GST fusion protein (pEBGN-Egr-1), empty vector (pEBGN; Al-Sarraj et al, 2005) or wild-type Egr-1 (pCMVzif; Thiel et al, 1994) . CD4 þ -HepG2 cells were generated by transient co-transfection of the eukaryotic vector pMACS 4.1, and subsequent magnetic separation on MACS CD4 MicroBeads was performed according to the manufacturer's instructions (Miltenyi Biotec).
Reagents and antibodies
Antibodies were anti-Snail (Abgent), anti-b-actin (Abcam), anti-Ecadherin (BD Transduction Laboratories), anti-FLAG (Stratagene), anti-phospho-GSK-3b and anti-GSK-3b (Cell Signaling Technology), and anti-Egr-1 (Santa Cruz Biotechnology). The following concentrations were used in all experiments: MG132 (z-Leu-Leu-Leu-CHO; Calbiochem): 10 mM; LiCl: 40 mM; HGF (R&D Systems): 10 ng/ml.
Scattering assay
Cells were seeded in 12-well tissue culture dishes at a density of 1 Â10 5 per well. After 24 h, cells were incubated with HGF (5-20 ng/ml) or PBS. When inhibitors were used, cells were preincubated with inhibitors for 1 h before addition of HGF. After 72 h, phase-contrast pictures were taken.
Immunoblotting analysis
Cell lysate preparation and immunoblotting analysis were performed as described (Zhou et al, 2004; Bachelder et al, 2005) . The immunoblots were visualized by chemiluminescence detection with ECL þ (Amersham Biosciences) or UptiLight (Interchim).
Quantitative real time RT-PCR
Total RNA was prepared using Trizol, and reverse transcribed with random hexamer primers using M-MLV reverse transcriptase RNAse (H-) (Promega). Transcripts of various genes were detected by quantitative RT-PCR (qRT-PCR) on an ABI Prism 7000 TaqMan using SYBR green PCR MasterMix (both Applied Biosystems) with the primers listed in Supplementary Table I . Relative mRNA expression was calculated of the mean value with the comparative C t method (DDC t ). Human ribosomal protein L19 (hRPL19) primers were used for normalization.
Reporter gene assays HEK293 or HepG2 cells were transiently transfected with a mouseSnail promoter firefly luciferase reporter construct (Peinado et al, 2003) . For normalization, the pRenilla luciferase reporter construct (Promega) was co-transfected. Dual-Luciferase reporter assays were performed as directed by the manufacturer (Promega), and luciferase activities were determined with a Mithras LB 940 luminometer (Berthold Technologies). Relative light units (RLU) represent firefly luciferase normalized against Renilla luciferase activity.
ChIP assay
ChIP assays were performed using a ChIP assay kit according to the manufacturer's instructions (Upstate Biotechnology). Rabbit antiEgr-1, anti-Snail or rabbit IgG were used to immunoprecipitate DNA-containing complexes. PCR was performed with primers complementary to the Snail or to the Egr-1 promoter region. The primer sequences are given in Supplementary Table I .
Statistical analysis
All experiments were performed in duplicates or triplicates at least three times. Values in the figures are given as means7s.d. Statistical analysis was performed using GraphPad Prism 4.0c.
Supplementary data
Supplementary data are available at The EMBO Journal Online. Figure 9 Molecular mechanisms underlying HGF-induced cell scattering. Binding of HGF to its receptor leads to autophosphorylation of c-Met and via adaptor molecules to the activation of the Ras/Raf/ MAPK pathway. Activated MAPK then phosphorylates and activates immediate early transcription factors, such as c-Fos and Elk, which bind the Egr-1 promoter and induce Egr-1 gene expression. In turn, Egr-1 induces Snail gene expression. Newly synthesized Snail then binds the promoter of its target genes, including E-cadherin and claudin-3, thereby repressing their transcription. In addition, Snail represses transcription of the Egr-1 and Snail genes, thus mediating a negative feedback loop. GSK-3b provides a nuclear export signal by phosphorylating Snail on its phosphorylation consensus site II. Once in the cytoplasm, Snail is phosphorylated by GSK-3b on consensus site I, leading to its ubiquitylation and proteasomal degradation, a process repressed by LiCl and MG132.
